Abstract: Polyphosphazenes represent a unique class of polymers with a backbone composed of alternating phosphorous and nitrogen atoms. The thermal behaviour and decomposition of a variety of polyphosphazenes depends on the type of side groups present. Especially those that bear aryloxy side groups, possess a high temperature stability as well as excellent flame resistance. Pyrolysis-capillary gas chromatography has been used in a study of three polyphosphazene samples for thermal stabilty characterisation. Degradation products were detected with three single detectors for flame ionisation (FID), nitrogen-phosphorous sensitivity (NPD) and mass spectrometry (MSD) at different pyrolysis temperatures ranging from 300
Introduction
Polyphosphazenes comprise the largest class of inorganic macromolecules (Fig. 1) . They have found a broad range of applications from high temperature melting glasses to lowtemperature elastomers, as bioinert and bioerodible materials and nonburning polymers. The large variability observed for the P-N-P angles corresponds to the high skeletal flexibility of the polyhosphazenes. Thermal stability of polyphosphazenes is a required property of many products. The phosphazene backbone has a particularl resistance to thermal treatment and to homolytic scission of the -N=P-bonds, possibly due to the combination of the high strength of the phosphazene bond and its remarkable ionic character [1] . Polybis(pisopropylphenoxy)phosphazene was treated thermally at 100, 135, 200 and 300
• C [2] . The resulting reductions in weight-averaged molecular weights were monitored by gel permeation chromatography, where the experimental observations led to the adoption of a random chain-scission model. An effective energy of activation and entropy of activation were calculated for the degradation process. Polyphosphazene samples thermally degraded at 200
• C exhibited a shift to lower-molecular-weight polymers . There was some indication of the formation of cyclic oligomers. Thermal degradation of poly(diphenoxyphosphazene) has been reexamined with emphasis on the roles of P-Cl and P-OH weakened links [3] . During degradation at 400
• C the formation of triphenylphosphate has been confirmed.
Py-GC has been applied in determining the thermal degradation mechanism's and rate constant's for poly(epichlorhydrin-co-ethylene oxide) [4] . Mass spectrometric characterisation of poly(organophosphazanes) thermal degradation products has previously been published [5] . The mass spectral data showed that the pyrolytic breakdown of poly(dinaphthoxyphosphazene) leads to the formation of cyclic oligomers. Amine, ammonia and elemental phosphorus evolution confirmed complete destruction of the polymer backbone. The wide range of thermal decomposition pathways observed are peculiar to the phosphazene structure and represent a remarkable difference between this class of inorganic polymers and those that are organic. Polyphosphazenes are attractive polymers for use as gas separation membranes due to their inherent chemical, thermal, and radiation stability [6, 7] and thus applicable in the hydrogen industry. Polyphosphazenes were characterized as having modest permeabilities for methane, oxygen, nitrogen, helium, and hydrogen. Transport is attributed to segmental chain motion [2, 3, 8] . The permeability and solubilty of benzene, cyclohexane, and n-hexne in poly[bis(2,2,2-trifluorethoxy)phosphazene] * E-mail: orinak@upjs.sk (TFEP) membranes was also mentioned [4, 9] . Ambler and coworkers published results about the novel conductive polyphosphazenes for use as fuel cell materials [10] . Also sulfonimide-functionalized polyphosphazenes have been investigated as polymer electrolyte membranes for use in an H 2 /O 2 fuel cell [11] . Recent developments in hightemperature proton conducting polymer electrolyte membranes have also been reported [12] . Pyrolysis-capillary gas chromatography (Py-cGC) offers an excellent opportunity to characterize polymer thermal stability, on-line. Pyrolysate degradation products are channeled to a chromatographic column for separation. The separated fragments are then identified via a series of single detectors. Although GC-MS techniques are popular, they are also expensive. A system fitted with a dual-column and having dual detection via very sensitive FID and NPD detectors have shown capability for accurate quantification and identification of organochlorides in virtually all common pesticides, herbicides, insecticides and PCB's that were studied [13] . By utilizing dual columns of different polarity, the analyst makes positive identifications in a single injection, based on shifts in the analyte retention times and elution order. Interferences from overlapping compounds are thus more readily eliminated, and confidence in identifications is comparable to GC-MS. Simultaneous data can be generated with NPD for determination of nitrogen and phosphorous containing compounds [14] [15] [16] [17] [18] [19] . Since the FID responds to total mass, the detector does not depend on flow rates for accuracy, and quantification of each compound is greatly improved. For this purpose these novel type of NPD detectors in cGC are introduced [20, 21] . Surface ionisation detection has also been applied and compared in nitrogen containing compounds analysis [22] . General aspects of multiple detection in gas chromatography have already been documented [23] . The authors studied relative response factors and different dual detectors response ratios and the possibilities for structural identification. Application of multiple detection followed with multiple-retention times represents a new impact into rapid use of single and tandem detectors in cGC analysis [24] [25] [26] . In this article we applied a unique coupling of Py-cGC with single detectors for characterisation of selected polyphosphazenes undergoing thermal degradation to products. The thermal dependent fractionation of N-P backbone has been characterised with both FID and NPD detectors to develop a simple and rapid method for their thermal stability determination, while MSD has been preferred for the degradation products partial identification. 
Experimental

Chemicals and samples preparation
Methods
Chromatography
A coupled Py-cGC system contained a microfurnace pyrolyzer (SGE, Pyrojector II, Australia) with GC 9000 Series (Fisons,U.K) gas chromatograph. Two pyrolysis heads, one having a septum and the other septum-less, were used for solid sample analysis. Sample pyrolysis was performed at 300, 400, 500, 600, 700 and 800 • C, the carrier gas (nitrogen) flow rate was set at 0.7 mL/min. The split injection mode was established with a 1/25 splitting ratio. The inter-nal volume of the liner in the pyrojector was 0.43 cm 3 and the nitrogen gas overpressure was set to 165 kPa. Flash pyrolysis has been applied. The NPD detection system consisted of the thermoionic nitrogen phosphorous detector NPD 80FL and a control module NPD 800 (Fisons, U.K.). The parameters for NPD were set upas follows, H 2 flow rate at 4 mL/min for phosphorous detection, 2 mL/min for nitrogen containing compounds; the temperature was set at 300 • C, air flow was 150 mL/min; make-up gas (nitrogen) flow rate was 20 mL/min. The sensitivity and selectivity in the NP detector was controlled by the detector gas flow, i.e. hydrogen, air and make-up gas. Nitrogen has been used as a carrier gas. However both N and P containing fragments were detected on the same time scale, the two samples were analysed at N or P selective conditions, to find maximal peak abundances respectively. A microfurnace pyrolyser Pyr-4A with a gas chromatograph GC-17A ( Shimadzu) has been used for mass spectrometric detection of polyphosphazene samples after pyrolytical degradation. Separations have been performed on a UltraAlloy 
Results and discussion
4.1 FID and NPD detection of the polyphospazenes thermal degradation products.
The retention times of all analytes detected with FID and NPD were compared. Peak comparison and distribution has been used for development of prime polyphosphazenes thermal degradation schemes. Regarding different chromatographic column polarities in FID/NPD and MSD systems, no comparison has been applied with MSD results. From all FID/NPD analyses the relatively simple chromatograms that were obtained can be used for degradation process characterization. At 300 • C pyrolysis temperature, the polyphosphazenes tested, formed fragments from the side chain. No results from the thermal depolymerization of -N=P-bond has been observed. At 400 • C, two groups of very intense peaks, (t R = 4.30 min and t R = 8.5-8.7 min, Fig. 3a) , were detected during the BEAMP1 thermal degradation process. Low intensity peaks from the N-P part of the molecule was found at a retention time of 13-18 minutes. The decomposition process was most likely due to the selective fracture of inherently weak locations (branch points or impurity locations) along the N-P backbone and the second was due to random thermal breakages at locations along the straight chain portion of the polyphosphazene molecule. Although there is a possibility for some depolymerization to occur, particulary at the highest reaction temperature. The retention time of 13-18 minutes in the chromatographic system is a consequence of the carbon chain of the polyphosphazene degradation product at this pyrolysis temperature. The first unresolved peak (t R = 4.30 min.) contained polar analytes with a carboneous chain. A very low intensity NPD signal was obtained for all species eluted at a similar retention time. The carbon chain molecule can be also accompanied with N containing fragments. The intense peak registered at t R = 8.6 min. belongs to nonpolar analytes composed of carbon. An accompanying peak with a slightly shifted retention time value, containing N fragments, resulted in a higher intensity. Phosphorous containing species were of low intensity. The N=P backbone remained stable at this pyrolysis temperature. At longer retention times, the N and P backbone residues eluted at very low intensities (peaks 3-6. Fig. 3a) . Overlayed chromatogram from BMEAP1 pyrolysis at 600
• C (Fig. 3b) shows additional formation of the fragments that do not contain any carbon and are composed just from N-P backbone chain (peaks 4-9). Degradation was more spontaneous than at 400
• C. NPD detected more intense peaks of phosphorous containing fragments and along with an additional group of peaks at 9.77 min. (peaks 5-6). At this pyrolysis temperature chemical individuals or secondary re-combined to cycles, as well bound with nitrogen and phosphorous from N-P backbone, that have decomposed spontaneously. At 600 • C, it was evident that thermal decomposition of P containing fragments formed P containing species. Only stepwise degradation of the carboneous part of the polymeric chain and a very intensive peak of phosphorous containing parts differed at 800
• C (Fig. 3c) . Total decomposition of the polyphosphazene backbone chain has been confirmed with a majority of N-P containing fragments detected by the NPD detector. At higher temperatures of over 800
• C, degradation occurs differently. An N/P peak abundance ratio function (for selected peaks) has been found to reflect the N-P backbone thermal stability. This pyrolysis temperature dependent function can indicate the relative presence of nitrogen or phosphorous (Fig. 4) . The nitrogen atom content in the decomposition fragments was higer at 500 • C and 700
• C for peak Nr. 5. For peak Nr. 2, the N content increased at a pyrolysis temperature of 700 • C.
BMEAP2 thermal degradation differed to BMEAP1 at temperatures of 600
• C and higher quite significantly, as a more intensive response from phosphorous of N-P backbone is evident (Fig. 4) . Increased formation of N and P containing compounds confirm N-P backbone degradation (Fig. 5b ., green line, peaks Nr.2,4). Characteristic retention times were: 4.12, 8.61 and 9.88 minutes. However, at 800 • C, even more fragments were separated with the following retention times: 3.78; 4.5; 6.85; 7.01; 9.77; 9.99; 10.5 and 15.00 minutes. The carboneous chain produces only one intensive peak and all others belong only to nitrogen and phosphorous fragments of polyphosphazene. Some fragments contained both elements as detected by NPD (Fig. 5c ). Peak distribution clearly shows production of dimeric, trimeric and tetrameric fragments of polyphosphazenes.At 800
• C, all of these fractions were without a carbon chain.
This oligomer formation can be most satisfactorily explained by a scission mechanism. For TFEP, a quite different thermal behaviour resulted. Lower temperatures provided varying polar fragments, giving thermally stable polymeric structures. Those fragments containing carbon were accompained predominantly by nitrogen, with little phosphorous (Fig. 6 ). At 600 • C, a different polyphosphazene degradation reaction was evident. A very intense triplet of peaks reflecting the strong presence of non-polar carboneus fragments was observed at a retention time of 19.5 minutes. Degradation fragments containing nitrogen and phosporous were separated in a system of dimeric, trimeric etc., fractions with different polarity. At higher temperatures of pyrolysis degradation of N-P backbone in the form of dimers, trimers, tetramers units was observed (Fig. 6a,b,c) . The N/P peak area ratio function differs for all peaks more than in the case of BMEAP1 with increasing pyrolysis temperature (Fig. 7) . From the pyrolysis gas chromatographic analysis of the three samples of polyphosphazenes results we constructed a possible degradation scheme with appropriate coloured fragments to be correlated with pyrograms in Fig. 3-5. 
MSD detection of polyphospazenes thermal degradation products.
Characterization of polyphosphazenes degradation does not require additional MSD detection due to relatively simple FID/NPD pyrograms composition. Nevertheless, partial identification of degradation products has been done with MSD. From results of BMEAP1, Py-cGC-MSD analysis confirmed the dominant content of the degradation products as listed in Table 1 . Relative intensites of the separated peaks confirm the general scheme established from NPD and FID results.
The dominant mechanism of degradation (scheme 2) consisted of multi-pathway for re-combination of the fragments at 400
• C . This allowed for the formation of cyclopentanamine and N,N-dimethyl-1-propanamine. At 600 • C the gaseous phase was not so rich and some compounds detected at lower pyrolysis temperatures were no longer evident. as well none cyclization to form cyclopentaamine or propane nitril. Phosphorous remained in monomeric fractions and at 800
• C in recombinant parts and in the pyrolysis rest , probably in the form of phosphate. BMEAP2 did not decompose to form many fragments at 400 • C , but gave characteristically dominant quantities of bis-(2-methoxyethyl)-amine (46 %), 1-propanamine Scheme 1 General BMEAP thermal degradation scheme.
Scheme 2 Main pathways of BMEAP1 thermal degradation.
(21 %) and traces of N-methylene-etanamine, and cyclopentanamine (Table 2) in the gaseous phase. The majority of the re-combinant fragments mentioned in the case of BMEAP1 degradation were not detected in the BMEAP2 pyrolysate, however, the concentration of some products that were in common were significantly higher (cyclopentanamine, propanamine). This reflects the differences in the ratios of BMEA to propy-lamine, (0.9:1) that obviously affect depolymerization (faster as in the case of BMEAP1). The traces of tetrahydrofuran detected were from the original synthesis (used as a solvent). TFEP pyrolysis at 600
• C released a considerable quantity of 2,2,2-trifluoroethanol and a significant amount of 1,1-difluoro-2,2-diphenyl-cyclopropane and some tetrahydrofuran (Table 3) . TFEP thermal stability is important for use in the gas separation industry [2] [3] [4] . MSD was insensitive for phosphorous containing compounds in the pyrolysate. This was probably due the fact that phosphorous compounds stayed in the pyrolysate thus never reaching the chromatographic column to be detected by MSD. Phosphine was in such low yield that it could only be detected by the strong smell characteristic of all volatile phosphazines [29] . During the polyphosphazenes thermal degradation at 400
• C, the formation of triphenylphosphate was confirmed [3] . However, NPD can detect fragments yielded from the -N=P-backbone of polyphosphazene degradation and thus enabling our understanding of the degradation pathways for polyphosphazenes thermal decomposition and their stability.
Process for polyphosphazenes thermal conversion
The maximum rate of thermal degradation of BMEAP1 for a nitrogen containing fragment was determined at 540
• C (Fig. 8 ) whilst for a carbon containing fragment was at 440
• C. Conversion of polyphosphazene is characterised with a nitrogen fragment degrading (peak 3) to a volatile product (peak 1). Product species in peaks 2, 4 and 5 are degradation products. Product Nr. 2 is formed via re-combination/re-cycling at higher temperatures. Phosphorous containing fragments show different conversion rates and the highest rate was determined at 600
• C (Fig. 9 ). This fragmenation pattern is affected by recombination of ionic materials and production of cyclic structures in the gaseous phase. The BMEAP2 -N=P-backbone conversion rate is maximal at 580 • C. Degradation of the carboneous nitrogen containing fragments reached a maximum conversion rate at 430-450
• C (Fig. 10) . At lower pyrolysis temperatures the fragmentation of -N=P-backbone polymer into the smaler chains was accompanied with backbone decomposition. The greatest phosphorous fragments conversion was established at 600
• C for BMEAP 2 ( Fig. 11) and for TFEP the maximum thermal conversion rate derived from FID was at 450
• C. From thermal conversion data it can be assumed that most thermally stable polymer is BMEAP1, and the lowest stability is TFEP. Carbon chain decomposition occurs earlier, at lower temperatures, together with C-bound nitrogen containing fragments. Phosphorous fragments resulting from the -N=P-backbone of polyphosphazanes yielded structurally diverse structural fragments. The high thermal stability of the phosphorous chain was confirmed by formation of cyclic phosphorous structures. Thermal degradation can be affected with catalysts, directly added to the pyrolysis reactor [30, 31] . Novel microstructured nickel or nickel-copper coated particles [32] [33] [34] [35] open perspectives for future study of their influence on polyphosphazenes thermal decomposition and conversion mechanisms. This thermal stability study of polyphosphazenes reflects important properties for these polymers applications in industry. Pyrolysis gas chromatography enables the determination of polyphosphazenes thermal stability for a wide range of temperatures.
Conclusions
Pyrolysis capillary gas chromatography with three single detectors has been applied for rapid screening for the thermal stability of a number of polyphosphazene samples. Suitability of the NPD/FID detector for characterization of decompositon products and their degradation mechanism's was tested. Combination of both detectors resulted in degradation schemes for each polymer. While BMEAP1 produced at 400
• C more carboneous fragments with increasing quantities of nitrogen bound atoms, BMEAP2 resulted in -N=P-backbone degradation at the same tempearture. Also TFEP decomposition started from 400
• C, to form nitrogen and phosphorous fragments. Thermal stability of polyphospazenes studied can be set as follows: BMEAP1 > BMEAP2 > TFEP Two rearrangement pathways dominate the thermal degaradtion of BMEAP and TFEP. The degradation products were also partially identified with MSD. From the polyphosphazene structure, methoxyethene was separated along with other carbon containing fragments (propene, metoxyethene, etc.) and unknown -N=P-chain containing fragments of low intensities. Bis-(methoxyethylamin) and propylamine were identified as the next major degradation products. The N/P peak area ratios showed thermal destruction in -N=P-containing fragments at 700
• C for BMEAP while at a different pyrolysis temperature effects for TFEP. Different thermal behaviour was found for the N-P polyphosphazene backbone, N-C chains and N-P-C fragments of inorganic polymers studied. Maximal rate of thermal degradation for the carbon fragments of BMEAP1 and BMEAP2 has been established at 540-580
• C and for TFEP at 480
• C. N-P polyphosphazene backbone conversion rate was maximal at 600 • C. From the polyphosphazene structure, the methoxyethene along with other carbon containing fragments (propyl, metoxyethyl, ethene, methoxy) and unknown N-P chain containing fragments of low intensities. Bis-(methoxyethylamine) and propylamine phosphate are probably the next major degradation products. The N/P peak area ratios showed thermal destruction in N-P containing fragments at 700
• C for BMEAP. Coupling pyrolysis gas chromatography with FID/NPD using selective detection and characterization ofmethods for the degradation process represents a powerfull method for rapid screening of polyphosphazanes properties.
